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SAXDThis work presents a biophysical study on the interactions of a monorhamnolipid (monoRL) produced by
Pseudomonas aeruginosaMA01withmodel dielaidoylphosphatidylethanolamine (DEPE)membranes. Incorpora-
tion of monoRL into DEPE shifts the onset temperature of the Lβ-to-Lα and the Lα-to-HII phase transitions toward
lower values. Incorporation ofmonoRL into DEPE indicates the coexistence of lamellar and hexagonal–HII phases
in rhamnolipid-containing samples at 60 °C, at which pure DEPE is lamellar. Thus, both techniques show that
monoRL facilitates formation of the hexagonal–HII phase in DEPE, i.e. it destabilizes the bilayer organization.
The phase diagram for the phospholipid component indicates a near-ideal behavior, with better miscibility of
monoRL into DEPE in the ﬂuid phase than in the gel phase. The various vibrational mode bands of the acyl chains
of DEPE were studied by FTIR spectroscopy, focusing on the CH2 symmetric stretching mode. Incorporation of
monoRL into DEPE shifts the frequency of this band to higher wavenumbers, at temperatures both below and
above the main gel to liquid–crystalline phase transition. Examination of the C_O stretching band of DEPE indi-
cates that monoRL/DEPE interactions result in an overall dehydration effect on the polar headgroup of DEPE.
These results are discussed in light of the possible role of rhamnolipids as bilayer stabilizers/destabilizers during
cell membrane ﬂuctuation events.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Microorganisms are well known for the production of an increas-
ing number of structurally diverse molecules of amphiphilic character
[1–3], with very interesting potential applications [4]. Most of these
compounds are known as biosurfactants, i.e., surface active molecules
of biological origin. Currently, much effort is being dedicated to the
search of new biosurfactants and to the application of biosurfactants
in pharmaceutical formulations and in biomedicine [5,6], as antimi-
crobial agents [6,7], as additives in food and cosmetics [8,9], or in
remediation technologies [10]. Within this context, it is clear that
the characterization of the physicochemical and biological properties
of biosurfactants is an essential step for the appropriate validation of
these compounds in the abovementioned applications.
Pseudomonas aeruginosa, a Gram-negative bacterium well known
for its environmental versatility, is able to cause disease in particular
susceptible individuals. P. aeruginosa can utilize a wide range of organic
compounds as substrates, thus conferring themicroorganism an excep-
tional ability to colonize ecological niches, where nutrients are limited.
Rhamnolipids constitute the main group of biosurfactants produced by
P. aeruginosa when grown under appropriate conditions [11]. These34 868 884147.
rights reserved.glycolipid biosurfactants are composed of a hydrophilic head group
constituted by one or two rhamnose molecules, called respectively
monorhamnolipid (monoRL) (Fig. 1) and dirhamnolipid, and a hydro-
phobic tail formed by one or two fatty acids. The production of
rhamnolipids shows high yields as compared to other biosurfactants
[12], and used oils or wastes from the food industry can be used as car-
bon sources [8,13,14], the whole process being considered as a green
process.
Studies on the interaction of the dirhamnolipid component, puriﬁed
from the P. aeruginosa crude biosurfactant, withmodel phosphatidylcho-
line [15–18], and phosphatidylethanolamine membranes [19] have
been recently carried out. Concerning the monoRL component, we
have recently published on the physicochemical characteristics of the
monomer-to-micelle transition of the P. aeruginosa monoRL [20], and
its effect onmodel phosphatidylcholinemembranes [21]. The abundance
of phosphatidylethanolamine in biological membranes, and its capacity
to promote non-bilayer structures have made this phospholipid a focus
of attention for many years [22]. Dielaidoylphosphatidylethanolamine
(DEPE), amajor phospholipid found in an Escherichia coli fatty acid auxo-
troph, has beenwidely used as amodel for unsaturatedphosphatidyleth-
anolamine species. The importance of nonbilayer lipids for protein
function and the special packing properties of bilayers containing these
lipids have been recently remarked [23]. This paper extends previous
studies analyzing the molecular details on the interaction of monoRL
Fig. 1. The chemical structure of the monoRL compounds produced by Pseudomonas
aeruginosa MA01. The predominant combinations of fatty acids found were: C10–C10
(m, n = 6), C10–C12 (m = 8, n = 6), and C10–C12:1 (m = 8, n = 6, one double bond).
2084 H. Abbasi et al. / Biochimica et Biophysica Acta 1828 (2013) 2083–2090with DEPE, establishing the relevant differences between dirhamnolipid
and monoRL, and discussing the possible role of rhamnolipids in mem-
brane stabilization/destabilization, and regulation of lipid polymorphism.
2. Materials and methods
2.1. Materials
Glucose, glycerol, sodium nitrate, potassium dihydrogen phosphate,
magnesium sulfate, yeast extract, nutrient agar, ethyl acetate,
hydrochloric acid, chromic acid, acetone, silica gel 60, chloroform,meth-
anol and anthrone were purchased fromMerck (Germany). Soybean oil
was purchased from a local supermarket. Crude oil was obtained from
the National Iranian Oil Company (NIOC). 1,2-Dielaidoyl-sn-glycero-3-
phosphoethanolamine (DEPE) was from Avanti Polar Lipids Inc.
(Birmingham, AL). All other reagents were of the highest purity avail-
able. Puriﬁed water was deionized using a Milli-Q equipment from
Millipore (Millipore, Bedford, MA, USA) and had a resistivity of ca.
18 MΩ cm. Stock solutions of the phospholipid and the monoRL were
prepared in chloroform/methanol (1:1) and stored at −20 °C. The
buffers used through the work were aqueous 150 mM NaCl, 5 mM
HEPES pH 7.4, and 150 mM NaCl, 5 mM HEPES pD 7.4 prepared in
D2O for the FTIR measurements. Water and all buffer solutions used
in this work were ﬁltered through 0.2 μm ﬁlters prior to use. The
biosurfactant was produced, isolated and characterized as recently pub-
lished [24].
2.2. Differential scanning calorimetry
Samples for DSC were prepared by dispersion of the required
amounts of the phospholipid and the biosurfactant in the above-
mentioned aqueous buffer. Brieﬂy, 3 μmol of DEPE and the corre-
sponding amounts of monoRL, from stock solutions in chloroform/
methanol (1:1), were mixed, and the solvent was gently evaporated
under a stream of dry N2, to obtain a thin ﬁlm at the bottom of a
glass tube. Last traces of the solvent were removed by a further min-
imum 3 h desiccation under vacuum. The abovementioned buffer
(2 ml) was added to the dry samples and these were vortexed until
a homogeneous suspension of multilamellar vesicles was obtained,
always keeping the temperature above the gel to liquid–crystalline
phase transition temperature of DEPE. Phospholipid phosphorus
was determined by the method of Böttcher et al. [25]. Experiments
were performed using a MicroCal MC2 calorimeter (MicroCal, North-
ampton, USA). The heating scan rate was 60 °C h−1. The calorimeter
was calibrated using pure phospholipids as standards.
Partial phase diagrams for the phospholipid component were
constructed from the heating thermograms. The solidus and ﬂuidus
lines of the diagrams were deﬁned by the onset and completion tem-
peratures of the transition peaks obtained from heating scans. In
order to avoid artifacts due to the thermal history of the sample
the ﬁrst scan was never considered. Second and further scanswere carried out until a reproducible and reversible pattern was
obtained, which usually occurred already with the second scan. The
pretransitions were omitted from the diagrams for the sake of
simplicity.2.3. Fourier-Transform infrared spectroscopy
Samples for the Fourier-transform infrared (FTIR) spectroscopy
measurements were prepared by mixing 10 μmol of DEPE and the
corresponding amount of monoRL, from stock solutions in chloro-
form/methanol (1:1). The solvent was gently evaporated under a
stream of dry N2, to obtain a thin ﬁlm at the bottom of a small
glass tube, and last traces of the solvent were removed by a further
minimum 3 h desiccation under vacuum. 100 μl of a 150 mM
NaCl, 5 mM HEPES pD 7.4 buffer (in D2O) was added to the dry sam-
ples and these were vortexed until a homogeneous suspension of
multilamellar vesicles was obtained, always keeping the temperature
above the gel to liquid–crystalline phase transition temperature
of DEPE. An aliquot of the sample (approximately 20 μl), prepared
as described above, was placed between two CaF2 windows using
25 μm Teﬂon spacers, and the set was mounted in a thermostated
cell holder. Infrared spectra were acquired in a Nicolet 6700 Fourier-
transform infrared spectrometer (FTIR) (Madison, WI). Each spectrum
was obtained by collecting 256 interferograms with a nominal resolu-
tion of 2 cm−1. The equipment was continuously purged with dry air
in order to minimize the contribution peaks of atmospheric water
vapor. The sample holder was thermostated using a Peltier device
(Proteus system from Nicolet). Spectra were collected at 2 °C intervals,
allowing 5 min equilibration between temperatures. The D2O buffer
spectra taken at the same temperatures were subtracted interactively
using either Omnic or Grams (Galactic Industries, Salem, NH) software.
For examination of the C_O stretching band at various temperatures,
the spectrum was zapped between 1780 and 1660 cm−1, and the sol-
vent baseline was subtracted. This C_O stretching band was ﬁtted to
its component bands by an iterative process using a Gaussian–
Lorentzian function. The maxima of the component bands were set at
1742, 1728 and 1714 cm−1, allowing a displacement of ±1 cm−1 dur-
ing ﬁtting.2.4. Small-angle X-ray diffraction
Samples for X-ray diffraction analysis were prepared essentially as
described above for DSC. Brieﬂy, 10 μmol of DEPE and the corre-
sponding amount of monoRL, from stock solutions in chloroform/
methanol (1:1), were mixed. The solvent was gently evaporated
under a stream of dry N2, to obtain a thin ﬁlm at the bottom of a
small glass tube, and last traces of the solvent were removed by a fur-
ther minimum 3 h desiccation under vacuum. 1 ml of a 150 mM
NaCl, 5 mM HEPES pH 7.4 aqueous buffer was added to the dry sam-
ples and these were vortexed until a homogeneous suspension of
multilamellar vesicles was obtained. The liposome suspensions were
centrifuged in a bench microfuge and the pellets were placed in a
steel holder, which provided good thermal contact to the Peltier
heating unit, with cellophane windows. Typical exposure times
were 5 min, allowing10 min prior to themeasurement for temperature
equilibration. Small angle X-ray diffraction (SAXD)measurementswere
carried out using a Kratky compact camera (MBraum-Graz-Optical
Systems, Graz, Austria) and a linear position sensitive detector (PSD;
MBraum, Garching, Germany) monitoring the s-range (s = 2 sin θ / λ,
2θ = scattering angle, λ = 1.54 Å) between 0.0075 and 0.07 Å−1.
Nickel-ﬁltered Cu Kα X-rays were generated by a Philips (Eindhoven,
The Netherlands) PW3830 X-ray generator operating at 50 kV and
30 mA. The calibration of the detector position was performed by
using silver stearate (d-spacing at 48.8 Å) as a reference material.
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There is no clear picture so far on which is the biological role
played by the rhamnolipids secreted by P. aeruginosa and other bacte-
ria. For some time it was accepted that these glycolipids played a role
in the uptake of hydrophobic substrates by the bacterial cells, but
more recent evidence strongly suggests that they primarily act as
surface-associated stimuli [26]. In order to investigate which is the ef-
fect that rhamnolipids exert on the cell surface, the use of simpler
model phospholipid vesicles could be of great help, given the com-
plexity of the bacterial cell membrane. In this respect, we have re-
cently reported on the interaction of the P. aeruginosa monoRL
(Fig. 1) with various phosphatidylcholine membranes [21], and now
this study is extended to model phosphatidylethanolamine mem-
branes, the second most important phospholipid in biological mem-
branes. DEPE was chosen to allow the simultaneous evaluation of
the effect of monoRL on the lamellar gel to liquid–crystalline phase
transition, as well as on the lamellar to hexagonal–HII phase transi-
tion, a phase present in phosphatidylethanolamines but not in phos-
phatidylcholines under normal conditions.3.1. Monorhamnolipid alters the thermotropic transitions of DEPE
Fig. 2 shows high sensitivity differential scanning calorimetry
scans of DEPE in the absence and presence of increasing concentra-
tions of monoRL. In the absence of monoRL, DEPE exhibited a high-
ly cooperative and high enthalpy lamellar gel to liquid–crystalline
(Lβ-to-Lα) phase transition with a Tc at 37.0 °C, in agreement
with previous data [19,27]. In addition DEPE also exhibited a low20 40 60 80
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Fig. 2. DSC heating thermograms for DEPE in the presence of increasing concentrations
of monoRL (number on the curves, molar fraction). Thermograms are normalized to the
same amount of phospholipid. Inset: Enthalpy change for the gel to liquid–crystalline
phase transition (closed circles) and the lamellar to hexagonal–HII phase transition of
DEPE (open circles) as a function of monoRL concentration.enthalpy lamellar liquid–crystalline to inverted hexagonal–HII
(Lα-to-HII) phase transition with Tc of 60.8 °C, a value for the
equilibrium phase transition which falls in the middle of the
range 57.3–66 °C reported by several authors [19,27–31]. Both
transitions were fully reversible on heating and cooling, as checked by
successive scans of the same sample. Incorporation of increasingpropor-
tions of monoRL into DEPE shifted the onset temperature of the Lβ-to-Lα
phase transition to lower values, whereas the completion temperature
was less affected. At concentrations above 0.05 mol fraction, this transi-
tion became very asymmetric, with a wide lower melting portion, and
sharper higher temperature transition. The overall transition was
still observable up to the highest concentration of monoRL assayed
(0.2 mol fraction).
The effect of monoRL on the Lα-to-HII phase transition was similar,
shifting the onset and completion temperatures toward lower values.
At a 0.20 monoRL mol fraction this transition was still detectable by
high sensitivity DSC.
Increasing the concentration of monoRL into DEPE resulted in a
progressive decrease of the enthalpy change, ΔH, of both the gel to
liquid–crystalline and the lamellar-to-hexagonal–HII phase transitions
(see Fig. 2 inset). The effect was not very intense, and ΔH did not
further decrease at monoRL concentrations above a 0.10 mol fraction.
3.2. Monorhamnolipid modiﬁes the phases adopted by DEPE
The effect of incorporation of monoRL on the phase adopted by
DEPE dispersions and its characteristics was studied by performing
SAXD (Fig. 3) and WAXD (Fig. 4) measurements. Phospholipids orga-
nized into multilamellar structures give rise to diffractograms with
SAXD reﬂections which positions relate as 1:1/2:1/3:1/4:1 … [32],
and the largest ﬁrst-order reﬂection component corresponds to the
interlamellar repeat distance, d, which is comprised of the bilayer
thickness and the thickness of one adjacent interlamellar water layer
[33]. The pattern for inverted hexagonal–HII structures is 1: 1/√3: 1/√4:
1/√7 … [32], and the largest ﬁrst-order reﬂection is related to the size
of the hexagonal tubes. Nevertheless, in the case of lamellar DEPE only
one sharp reﬂection was observed both below and above the gel to
liquid–crystalline phase transition, i.e., no higher-order reﬂections were
found, in agreement with previously reported data [34,35]. Thus, pure
DEPE in the gel phase (25 °C) showed a ﬁrst-order reﬂection with an
interlamellar repeat distance of 64.6 Å, which decreased to 53.7 Å in
the ﬂuid state (45 °C) (Fig. 3), due to a decrease in the effective acyl
chain length, or in the thickness of the hydration layer between bilayers.
Only in the gel phase, at 25 °C, incorporation of monoRL into DEPE gave
rise to the appearance of a second reﬂection at 59 Å which became
more intense upon increasing the concentration. This might correspond
to a second gel phase, enriched in monoRL, compatible with the highly
asymmetric thermograms observed at these concentrations (see Fig. 2).
Pure DEPE showed a single reﬂection at all temperatures studied,
except at 70 °C at which four reﬂections, which related as 1: 1/√3:
1/√4: 1/√7, were present, indicating a pure hexagonal–HII phase. At
60 °C, pure DEPE showed a single reﬂection at 52.2 Å (lamellar liq-
uid–crystalline). Upon addition of a 0.07 mol fraction of monoRL the
characteristic reﬂections of the hexagonal–HII phase were also pres-
ent, indicating coexistence of both phases, i.e., monoRL was inducing
the hexagonal–HII phase at temperatures at which pure DEPE was
lamellar.
Thus, with respect to the formation of the inverted hexagonal–HII
phase it was clear that monoRL shifted this transition toward lower
temperatures, i.e. facilitated HII phase formation or, in other words,
destabilized the bilayer organization. According to the dynamic
shape theory [36], these results showed that monoRL behaved as a
cone shaped molecule which, by adding to the cone shape of DEPE,
conferred positive curvature, and acted as a lamellar destabilizer.
The opposite effect was described for the P. aeruginosa dirhamnolipid
[19], for which a 0.10 mol fraction sample was still fully lamellar at
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Fig. 3. Small angle X-ray diffraction proﬁles for pure DEPE, and in the presence of 0.01, 0.07 and 0.20 mol fraction of monoRL (from top to bottom). Measurements were carried out
at the indicated temperatures.
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cone shape of dirhamnolipid, with a bulky polar disaccharide moiety,
as compared to the single rhamnose of monoRL. These results are in4.5
1.4 1.6 1.8
4.0 3.5
Distance (A)
25oC
38oC
45oC
q (A-1)
Fig. 4. Wide angle X-ray diffraction proﬁles of pure DEPE, and in the presence of 0.01,
0.07 and 0.20 mol fraction of monoRL (from top to bottom) at various temperatures.good agreement with previous data showing that monoglucosyl [37]
and monogalactosyl [38] diglycerides adopt hexagonal–HII phases,
whereas diglucosyl [37] and digalactosyl diglycerides [38] adopt la-
mellar phases, i.e. monosaccharide lipids facilitated HII-phase forma-
tion, whereas disaccharide lipids inhibited HII-phase formation.
Information about the packing of the DEPE acyl chains was
obtained through WAXD measurements. Fig. 4 shows the WAXD pat-
tern corresponding to pure DEPE and DEPE containing monoRL at
various temperatures. At 25 °C pure DEPE showed a single sharp sym-
metric reﬂection centered at 4.20 Å indicating that the hydrocarbon
chains were packed in a hexagonal lattice and the direction of the
chains was normal to the membrane surface, characteristic of the
untilted gel phase [39,40]. At 38 °C, whereas pure DEPE was still in
the gel phase, monoRL-containing samples showed a very broad com-
ponent centered at approx. 4.4 Å, instead of any sharp reﬂection,
characteristic of the ﬂuid liquid–crystalline phase [39,40]. At 45 °C
all samples showed the typical ﬂuid liquid–crystalline diffraction
pattern.
3.3. Phase diagram of monoRL/DEPE system
Using the thermal data from the DSC scans shown in Fig. 2, and
the phase assignment from SAXD (Fig. 3), a partial phase diagram
for the phospholipid component was constructed (Fig. 5), including
the Lβ-to-Lα and the Lα-to-HΙΙ phase transitions. Increasing the con-
centration of monoRL gave rise to a moderate decrease in the ﬂuidus
line which behaved in a near ideal manner. The solidus line also de-
creased, according to an essentially near ideal behavior. Both lines
were more separated upon increasingmonoRL concentration, indicat-
ing a loss of cooperativity of the transition. The diagram showed good
miscibility of monoRL and DEPE in the solid and ﬂuid phases, within
the whole range of concentrations studied. In the case of the corre-
sponding dirhamnolipid compound [19], there was a region of gel im-
miscibility in the phase diagram, showing that the pronounced
inverted cone shape of the dirhamnolipid conferred it a tendency to
segregate from DEPE in the gel phase.
The boundary lines of the Lα-to-HΙΙ phase transition decreased their
temperature upon increasing monoRL concentration. Both lines were
essentially parallel in the whole range of concentration, indicating
that the cooperativity of the transition wasmaintained upon increasing
monoRL concentration. It was clearly shown in this diagram that in-
creasing monoRL concentration shifted the Lα-to-HΙΙ phase transition
boundaries to lower temperatures, i.e., it stabilized the HΙΙ phase.
0 0.05 0.10 0.15 0.20
20
30
40
50
60
MonoRL (molar fraction)
G
G+F
F
HII
F+HII
Te
m
pe
ra
tu
re
 (o
C)
Fig. 5. Partial phase diagram for the phosphatidylethanolamine component of mixtures
monoRL/DEPE. Closed (solidus line) and open (ﬂuidus line) circles were obtained from
the onset and completion temperatures of the main gel to liquid–crystalline phase
transitions, and closed and open squares were obtained from the onset and completion
temperatures of the lamellar to hexagonal–HII phase transitions shown in Fig. 2. The
phase designations are as follows: G (Lβ, gel phase), F (Lα, liquid–crystalline phase),
and HII (inverted hexagonal–HII phase).
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FTIR allowed investigation of the molecular interactions of monoRL
with the various functional groups of the DEPEmolecule, characteristics
of the polar headgroup or the acyl chain regions. The Lβ-to-Lα phase
transition involves large structural changes, with the introduction of
conformational disorder (gauche conformers), which are reﬂected in
the infrared spectrum. Uponmelting there is an effect on the frequency
of the band that can be correlated with a higher population of gauche
conformers of the phospholipid in the liquid–crystalline phase. The var-
ious vibrational mode bands of the acyl chains of DEPE were examined,
although only the CH2 symmetric stretching mode at ca. 2850 cm−1
will be shown, since no additional information could be gained from
the other bands. The temperature dependence of the maximum of
the symmetric CH2 stretching band is shown in Fig. 6 for pure DEPE
and DEPE containing monoRL. Pure DEPE showed two increases in
wavenumber, theﬁrst one corresponding to the gel to liquid–crystalline
acyl chain melting transition, and the second to the additional confor-
mational disorder introduced by the lamellar to hexagonal–HII transi-
tion, in accordance to previous work on non bilayer transitions in
phosphatidylethanolamines [41]. Upon incorporation of increasing con-
centrations of monoRL there was a broadening and shift to lower tem-
peratures of the transition, in agreement with the DSC results. TheTemperature (oC)
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Fig. 6. Temperature dependence of the maximum of the CH2 symmetric stretching ab-
sorption band for pure DEPE (●), and in the presence of 0.07 (○), 0.10 (■) and 0.20
(□) mol fraction of monoRL.increase in the frequency of this band induced by monoRL, both below
and above the phase transition temperature, is associatedwith an over-
all increase in the conformational disorder of the hydrocarbon chains of
DEPE, and has been reported before for other glycolipid biosurfactants
[42].
Vibrationalmodes of the functional groups found in the headgroup of
phospholipids give rise to a number of infrared bands, from which the
carbonyl stretching absorption is the most useful [38], particularly for
the study of the hydration of phospholipid assemblies [43,44]. The
C_Ogroups of diacylphospholipids in lipid vesiclesmay be in a hydrated
and a dehydrated state, and the proportion of both fractions usually de-
pends on the physical state of the phospholipid bilayer [45,46]. Thus, the
spectrum ofmost phospholipids represents a summation of two compo-
nent bands centered near 1742 and 1727 cm−1, and attributed to
dehydrated (non hydrogen-bonded) and hydrated (hydrogen-bonded)
C_O groups, respectively [47]. However the contours of the C_O
stretching bands of some phosphatidylethanolamines, like DEPE, are
much wider and only resolvable into at least three component bands
centered around 1742, 1728 and 1714 cm−1. The additional band at
1714 cm−1 is indicative of another population of hydrogen-bonded
C_O groups, which is not present in hydrated phosphatidylcholine bi-
layers [48]. Fig. 7 shows the C_O stretching band of DEPE in the absence
and presence ofmonoRL, both below and above the gel to liquid–crystal-
line phase transition temperature. Pure DEPE at 28 °C showed a band
centered around 1736 cm−1, which shifted down to 1726 cm−1 upon
melting, concomitantly with a widening of the band contour due to the
higher hydration of the lipid/water interface in the liquid–crystalline
state. Incorporation of 0.10 monoRL mol fraction shifted the maximum
of this band to 1738.7 and 1735 cm−1 below and above the phase tran-
sition temperature, respectively. It was also observed that the C_O
stretching band was widened toward the low frequency side. Both ef-
fects indicated that monoRL decreased the hydration of the polar
headgroup of DEPE both in the Lβ and the Lα phases. To quantify this ef-
fect, the C_O stretching bands were subjected to band ﬁtting to obtain
the component bands (Fig. 7, dashed lines). These bands could be accu-
rately ﬁtted to the three bands centered at 1742, 1728 and 1714 cm−1,
commented above. The results obtained are shown in Table 1. In the Lβ
phase, addition of monoRL increased the 1742 cm−1, and decreased
the 1729 and 1714 cm−1 component bands. The overall effect was a
strong dehydration of the interface induced by monoRL. In the ﬂuid Lα
phase, incorporation of monoRL increased the 1742 cm−1 component,
the 1729 cm−1 component remained essentially unaffected, and the
1714 cm−1 band was considerably decreased. The global effect was a
shift of themaximum frequency toward higher wavenumbers, also indi-
cating dehydration as compared to the pure phospholipid. In hydrated
phosphatidylethanolamine bilayers, at differencewith phosphatidylcho-
lines, there are two possible hydrogen-bonding donors: interfacial water
and the NH2 protons of the phosphorylethanolamine headgroup. It has
been argued that probably the 1729 cm−1 component arises from hy-
drogen bonding to interfacial water, whereas the 1714 cm−1 band cor-
responds to hydrogen bonding to the headgroup amine group [48].
Within this scenario, the effect of monoRL/DEPE interactions results in
a reorganization of the hydrogen bonding pattern, with decreased
water hydrogen-bonding and a concomitant decrease in amine group
hydrogen-bonding. The three hydroxyl groups of monoRL will probably
establish a large number of hydrogen interactions with water molecules,
leaving less water available to interact with the phospholipid. The loss in
water hydrogen-bonding could result in a reduction of the hydration
layer width, contributing to explain the decrease in d-spacing observed
in SAXD measurements described above.
Fig. 8 shows the temperature dependence of the maximum fre-
quency of the C_O stretching band of DEPE pure and in the presence
of monoRL. In agreement with previous report on the infrared charac-
terization of phase transitions of phosphatidylethanolamines [41], the
maximum of the C_O stretching band of pure DEPE decreased during
the gel to liquid–crystalline phase transition, which was consistent
1660168017001720174017601780 1660168017001720174017601780
1660168017001720174017601780 1660168017001720174017601780
Wavenumbers (cm-1)
Wavenumbers (cm-1)
BA
C D
Fig. 7. The C_O stretching region of the FTIR spectra of DEPE. Spectra correspond to DEPE at 28 °C in the absence (A) and presence of a 0.10 mol fraction of monoRL (B), and DEPE
at 50 °C in the absence (C) and presence of a 0.10 mol fraction of monoRL (D). Solid lines are the original spectra, long-dashed lines are the ﬁtted spectra, and short-dashed lines
correspond to the component bands obtained by band ﬁtting.
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resulting in an increase in hydration (Table 1). On the other hand, the
lamellar to hexagonal–HII phase transition was accompanied by an
increase of the frequency maximum, which indicated the dehydration
taking place during the formation of the inverted phase [49]. It can be
observed that incorporation of monoRL shifted the temperature of
both transitions to lower values, in agreement with DSC results, and
only in the 0.20 monoRL mol fraction sample there was no shift in
the HII transition. Taking together, the described effects on the modu-
lation of the DEPE/water interface by monoRL in the biologically most
signiﬁcant Lα phase, indicate that monoRL interaction leads to confor-
mational changes in DEPE resulting in decreasing water hydrogen-
bonding and amine group hydrogen-bonding. (c
m-
1 )
1734
1736
1738
17404. Conclusions
The data presented and discussed above have shown that a bacte-
rial monoRL interacts with DEPE model membranes, destabilizes the
lamellar conﬁguration, and perturbs the characteristics of the lipid/
water interface, by modiﬁcation of the hydrogen-bonding pattern.Table 1
The proportion of the components of the C_O stretching band of DEPE in the absence
and presence of monoRL. Data corresponding to one representative experiment are
shown.
Sample Temperature Component band (%)
1742 cm−1 1729 cm−1 1714 cm−1
DEPE 28 °C 30.5 42.0 27.5
DEPE + 0.10 monoRL
mol fraction
43.2 33.2 23.5
DEPE 50 °C 20.8 44.4 34.7
DEPE + 0.10 monoRL
mol fraction
28.0 45.0 27.0The question as to the biological role of the rhamnolipids secreted
by P. aeruginosa remains unclear. The old agreement on its role facil-
itating bacteria growing on hydrophobic substrates [50], or as a de-
fensive mechanism [51], has been progressively substituted by the
idea that they might act as surface-associated stimuli [26]. Thus, it
has been shown that rhamnolipids are involved in the swarming
motility behavior [52], and structural bioﬁlm development [53] in
P. aeruginosa. The amphiphilic nature of rhamnolipids results in a
propensity to accumulate at interfaces, and then probably act as
surface-speciﬁc stimuli [52]. The effect of monoRL on the interfacial
region of phosphatidylethanolamine bilayers, as well as on DEPE
lipid polymorphism, might well help to explain the molecular basis
of the roles commented above. In addition, in light of our results,Temperature (oC)
30 40 50 60 70
W
av
en
um
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r
1724
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1732
Fig. 8. Temperature dependence of the maximum of the C_O stretching absorption
band for pure DEPE (●), and in the presence of 0.07 (○), 0.10 (■) and 0.20 (□) mol
fraction of monoRL.
2089H. Abbasi et al. / Biochimica et Biophysica Acta 1828 (2013) 2083–2090another biological role could be tentatively attributed to rhamnolipids.
The existence of phosphatidylethanolamine lipid domains in bacterial
cell membranes, with the propensity of phosphatidylethanolamine to
form non-bilayer structures, suggests that these domains may play a
role in controlling morphological changes during cell division [54,55].
In fact, fusion and ﬁssion of bilayer membranes might require a lipid
to take on a non-bilayer structure [36], and a big challenge for the cell
during these fusion andﬁssion events is tomaintain its integrity. Our re-
sults on the interaction ofmonoRLwithDEPE show a strong destabiliza-
tion of lamellar structures by the glycolipid, as compared to the
stabilizing effect of the dirhamnolipid component [19]. Since the maxi-
mum rates of rhamnolipid production occur during the growth phase
[56], where maximum cell division is taking place, and rhamnolipids
are sequentially synthesized, ﬁrst monoRL and second dirhamnolipid,
it is possible that the transient time-dependent association between
the various rhamnolipids and cell membranesmight help to coordinate
the cell membrane ﬂuctuations events taking place during cell division
events.
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